In order to analyze the evolution behavior of friction coefficients during large strain hot forging processes, compression tests were carried out on IHS38MSV hypoeutectoid steel samples at a stroke rate of 1.2 mm/s and temperatures ranging from 1073 to 1473 K. The simulation results of the geometrical change in the sample during the compression process obtained by using various friction coefficients were compared with experimental results in order to verify the validity of the ''instantaneous friction coefficient''. The results showed that the friction coefficient was a constant at lower strain level, and the instantaneous friction coefficient, m s , showed an approximately exponential relationship at higher strain level. The simulation results obtained by using m s showed better results as compared to those obtained by using average friction coefficients (m c and m a ). It was also found from the simulation results that at a certain strain level, the variation of friction coefficient did not have a strong effect on the shape of deformed sample; however, the radius of the top surface of the sample, R t , changed greatly due to friction.
Introduction
During hot forging processes, friction plays a significant role in determining the life of tools, the formability of the work materials, and the quality of the final products such as, surface, internal structure, and product properties. Numerous researches have been carried out for either reducing or determining the friction coefficient during hot forging processes. 1) In general, lubricants are added to reduce the friction coefficient. However, friction cannot be reduced to a negligible level, especially during high temperature forming processes, because the majority of high-quality lubricants used at ambient temperatures are organics that cannot withstand high temperatures. A number of lubricants have been developed to be used at high temperatures. However, friction after lubrication is still an important issue, because the friction coefficient at high temperatures cannot be lowered to a level comparable to that at ambient temperatures. A number of studies have been conducted in an attempt to obtain the quantitative data on friction or by using simulative laboratory tests. Frederiksen et al.
2) used frictiontesting methods based on the geometrical changes in order to adjust the frictional conditions in the simulation to the condition of the real process. Bay 3) studied the application of the friction model when analyses of bulk metal forming process were given. On the basis of these and other results 4, 5) an upper-bound theory was developed to effectively determine the average friction coefficient by conducting a barrel compression test. Using this theory, the average Tresca friction coefficient (hereafter friction coefficient, m) for the compression test can be determined by measuring just the degree of barreling (maximum radius, R m , and height difference of cylinder before and after deformation) after compression process by using the following equation:
where m is the average friction coefficient for a hot working process, with its value ranging from 0 (perfect sliding) to 1 (sticking friction); b is the barreling factor; and R and h are the theoretical radius and final height of the sample, respectively. b is given by:
where ÁR is the difference between the maximum radius R m and the radius R t of top surface of the sample, and Áh is the reduction in the height of the cylinder after compression. From the average friction coefficient calculated by eq. (2), the analysis of effects of friction in hot working process and the stress compensation from friction could be carried out effectively.
The understanding of the friction between two surfaces is at the heart of the science of tribology, an interdisciplinary field that involves surface chemistry, materials science, mechanics etc. In practice, direct predicting the friction coefficient at a random strain level is difficult because of the difficulty with measuring the related parameters of specimens simultaneously in the working process; researchers often simply assume that the friction coefficient is constant or independent of the strain level. 7) Details regarding the evolution behavior of friction coefficients during the hot forging processes have not yet been clarified. The surfaces of the sample contain hills and valleys when viewed on a microscopic scale. During the hot forming process, the surface conditions of the material, including its profile and temperature, vary gradually with increasing strain level due to contact with tools. At higher strain levels such as those employed during cylindrical hot compression tests, the side surface of the sample came closer to the anvil surface due to barreling, as the strain level increased, and it subsequently came into contact with the anvil surface. This side surface later formed the outmost area of the contacting surface with the anvil when the strain attained a certain level, possibly leading to sticking in this region and subsequently to a great increase in the friction coefficient, as found from some of our preliminary observations; this is considered to be a very important factor in the variation of the friction coefficient at large strain levels during hot working processes.
In this study, on the basis of eq. (1) the instantaneous friction coefficient m s is evaluated quantitatively as a function of strain. The parameters regarding the shape change of the sample during real compression process will be used to compare with the results calculated by DEFORM-3D finite element analysis software by using both the instantaneous and average friction coefficients.
Experimental

Experimental procedure
IHS38MSV hypoeutectoid steel (Sumitomo Metal Industries, Ltd., Japan) was used in the current study. Cylindrical specimens, 8 mm in diameter and 12 mm in height, were cut by electro-discharge machining (EDM) from the outer portion of a huge forged cylinder. Concentric grooves with depths of 0.1 mm were formed on the flat ends surface of the specimen so that the original top surface profile of sample after broadening could be identified easily after deformation.
Compression tests were carried out in vacuum at 1073, 1173, 1273, 1373, and 1473 K using a computer-aided hot forging simulator (Thermecmaster-Z). The stroke rate was set as 1.2 mm/s. The temperature was varied from ambient temperature to the test temperatures at a heating rate of 5 K/s by induction heating. The samples were held at the test temperatures for 300 s before compression. The thermocouple used was R-type, and the temperature accuracy was approximately AE3 K. In order to avoid the heat dissipation from sample end surface to the anvil surface at the contact region, mica sheets with a diameter of 20 mm and thickness of approximately 0.2 mm were used as heat insulators closely contacting with the anvil surfaces because of its extremely low thermal conductivity; they were placed close to the anvil surface. In addition, carbon paper was used as an aid to reduce friction owing to its high heat resistance and high lubricating effect.
8) The experimental setup is schematically shown in Fig. 1 .
Finite element analysis
In order to evaluate the evolution behavior of the friction coefficient as a function of the strain level, the samples were compressed to strain levels of approximately 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and 1.6. The average friction coefficients at each strain level were calculated using eq. (1).
A model of the sample, having the same size as that of the actual sample, was generated using the finite element analysis DEFORM-3D v6.13 software. In order to reduce computing time, only one eighth part of the cylindrical sample with enough mesh number of 25000 was carried out. The model of a cylindrical specimen compressed by an anvil from the top at the stroke rate of 1.2 mm/s is shown in Fig. 2 .
Results and Discussion
Images of the specimens compressed at 1273 K and different strain levels are shown in Fig. 3 along two directions. The results in Fig. 3 were originally presented in our previous research.
8 ) The profiles of specimens compressed at other temperatures were similar profiles to those of the samples at 1273 K. At strain levels lower than approximately 0.5, the top surface of the specimens after compression were found to be formed mainly from the end surfaces of the specimens with grooves; in this instance the radius of the top surface, R t , was approximately equal to that of the anvilcontacting surface of the deformed specimen, R c . However, at higher strain levels (higher than approximately 0.6), R c was observed to be formed by both the original top surface of specimen with grooves after broadening R t and the side surface of the specimen due to the contacting with anvil. A schematic of the typical end surface of a specimen compressed at higher strain levels observed along the longitudinal direction, is shown in Fig. 4 ; R t , R c and R m denote the top radius, contacting radius, and maximum radius of the deformed specimen, respectively, and R c -R t is the area formed from the side surface of the specimen due to barreling and the subsequent contacting with anvil. The end surface of the specimen is composed of three parts: the original top surface of the specimen with grooved profiles R t , the surface come from side surface due to the contacting with anvil R c -R t , and the barreling side surface probably going to contact with the anvil surface at higher strain levels R m -R c . In this Friction Coefficient in Hot Compression of Cylindrical Sampleinstance, R t was determined by the profiles of the grooves in calculating the average friction coefficient m by using eq. (1), and they are plotted in Fig. 5 as a function of true strain. The average friction coefficient was observed to increase with the strain level at all the temperatures. It should be noted that these results do not conform to the conventional viewpoint 5) that the friction coefficient is constant and independent of the strain level. In fact, there are several reasons considered for the increase in the friction coefficient with the strain level. First, the top surface of the specimen (with radius R t ) broadened gradually with increasing strain level, causing the lubricating effect to wear off as the thickness of the lubricant film decreased gradually during the compression process. In addition, the side surface of the specimen came closer to the anvil surface with increasing strain levels. It finally came in contact with the anvil surface, forming the outmost region of the contacting surface (R c -R t ) as schematically shown in Fig. 6 , when the strain reached a certain level (approximately 0.5-0.6). At this instant, the friction coefficient increased abnormally due to the absence of lubricant and possibly caused sticking in the outmost area of the contacting surface at higher strain levels. In fact, in our previous research 8) we found that the stress at the outmost area of contacting surface was much higher than that in the center of the surface, which demonstrates the high possibility of sticking in the outmost area of contacting surface at high strain level and supports present friction coefficient increase very well. In this study, the parameters related to eq. (2) such as R t , R m , and Áh were measured three to four times, and their mean values were used in calculating the friction coefficients. It should be noted that in the previous research, 5, 6) while calculating the friction coefficient using eq. (1), R c was used instead of R t in that R t was assumed to equal to R c because of the difficulty in distinguishing between them; however, the ambiguity between these two parameters may lead to the incorrect calculation of the friction coefficient.
The results in Fig. 5 indicated that the friction coefficient is not a constant in a compression test. However, the results used in Fig. 5 are the average values of friction coefficient from the beginning of compression to a certain strain level. In a specific compression process, the stress variation due to friction is only related to the friction coefficient at a specific strain level. In order to obtain the real stressstrain response, the friction coefficient at an instant strain level (instantaneous friction coefficient, m s ) is considered extremely necessary. Supposed that m n and m nÀ1 are the average friction coefficients calculated using eq. (1) when specimens are directly compressed under two strains of " n and " nÀ1 applied in close proximity; then, m s at a strain level of ð" n þ " nÀ1 Þ=2 is considered to be expressed as the integral mean value exploration of this small strain range
where it was assumed that m s followed an almost linear profile over a very small range of strain; that is, the average friction coefficient over this narrow range of strain levels was considered to be equal to the instantaneous friction coefficient m sð" nÀ1 þ" n Þ=2 at the strain level of ð" n þ " nÀ1 Þ=2. m s at test temperature of 1273 K calculated using eq. (3) is plotted in Fig. 7(a) as a function of true strain. It has to be noted that, m s as a function of true strain level could be parted into three stages, I, II, and III as shown in Fig. 7(a) . In the initial stage or lower strain level, m s is nearly a constant; with the increasing in strain level, the barreled side surface of sample become closer to the anvil surface and come in contact finally, leading to the great increase in m s ; at higher strain level, a large part of top surface was formed from the contacting between the side surface and the anvil, and the surface formed into a static state with a friction coefficient of 1 (stage III). The values of the initial instantaneous friction coefficients varied from 0.3 to 0.5, indicating very slight effect of friction or well lubricating during the initial stages of the compression process. In addition, m s did not vary significantly when the strain level was lower than 0.6 at nearly all temperatures. This may be the reason why in the previous researches the friction coefficient was considered to be constant when the strain level was relatively low. At higher strain levels, m s increased rapidly with the strain, and a suitable empirical function was derived using an exponential fitting process
where m 0 , A, " c and " 0 are constants determined by the fitting process. Equation (4) was obtained for the specific hot forging process of the present steel this equation is also considered to be applicable in the case of other hot forging process of metallic materials carried out under large strains, because the evolution of the friction coefficient is related to general phenomena occurring during forging process, such as the barreling of specimen and variation in effects of lubrication as mentioned above. It is considered that m s as a function of strain is closely related the contacting area from the side surface of sample with the anvil (R c -R t ), because the friction coefficient in this contacting area is extremely higher than the inner parts formed from the original top surface. Contacting area (%ðR c 2 À R t 2 Þ as a function of strain in the same sample is shown in Fig. 7(b) ; in the stage I, the contacting area is nearly zero, while at stage II and III, an exponential relation was obtained similar to eq. (4), indicating a closely relation between m s with this contacting area.
It is interesting to observe that the value of m s was higher than 1 at higher strain levels, if calculated with eq. (4), which contradicts previous results showing that the friction coefficient is constant and lower than 1 in compression processes from the Tresca's law. 9) From the simulation results, R t does not expand anymore when the strain level is higher than 1.4 at 1273 K. Here, the interface between the sample and anvil is thought to evolve to a static frictional state, where the friction coefficient should be evolved to 1 as indicated by a black line in stage III. Our previous result 8) also indicated that the stress at lower strain levels fits with the Coulomb distribution very well (strain of 0.3); however, at high strain levels, a reverse Coulomb distribution was observed in FEM calculations, Friction Coefficient in Hot Compression of Cylindrical Sampleprobably due to sticking of the outer area of the top surface with the compression anvil (strain 0.65). Nevertheless, this theorem, regarding the static friction coefficient and the evolution from kinetic friction into static friction in hot forging process for large strain levels, can provide a new field of study to researchers in this field. The shapes of the specimens at 1273 K during the hot forging process were simulated using DEFORM-3D v6.130 finite element analysis software. In order to verify the validity of m s , three types of friction coefficients were used in the simulation processes: the average friction coefficient at a strain of approximately 1.43 with a value of about 0.65 m c was used, because in general the friction coefficient of a deformed sample was calculated in this way.
10) The average friction coefficient measured at different strain levels as shown in Fig. 5 ; and the instantaneous friction coefficient m s calculated using eq. (4). m a measured at different strain levels (Fig. 5) were fitted with a cubic spline function, and the values at other strain levels were extrapolated by using this function. The typical specimen profiles calculated by using the above three types of friction coefficients at strain levels of 0.3, 0.65 and, 1.5 are shown in Figs. 8-10 , respectively. No significant difference can be observed among the three simulation results judging from the observed simulated profiles of the specimens. In order to analyze the simulation results in further details, R t is plotted in Fig. 11 as a function of the strain level. The agreement between the calculated and measured results was better when m s was used than when the others coefficients (m c and m a ) were used; this shows that the model simulated using m s expressed by eq. (4) was appropriate for the current study. R t calculated using m c with a value of 0.65 had lower values while that calculated using m a in Fig. 5 had relatively higher values when compared to the experimental results of R t as shown by the open circles in Fig. 11 . R c and R m of specimen were also calculated. The results are plotted in Fig. 12 . Both R c and R m of the specimen were observed to have nearly the same value in case of all the three types of friction coefficients, as mentioned above. The size of the actual specimen, expressed as R m , is also plotted in the same figure by open circles; the experimental and calculated results showed good agreement in case of the three types of friction coefficients. From the above results, it can be observed that friction coefficients had only a minor effect on R c and R m implying that friction (a) (b) (c) Fig. 10 The shape of the specimen at strain levels of (a) 0.3, (b) 0.65, and (c) 1.5 simulated in FEM calculations at 1273 K by using average friction coefficient, m a as a function of strain. (a) (b) (c) Fig. 9 The shape of the specimen at strain levels of (a) 0.3, (b) 0.65, and (c) 1.5 simulated by FEM calculations at 1273 K by using average friction coefficient, m c with a value of 0.65.
coefficient did not have a strong effect on the entire shape of the deformed specimen in the current study.
Conclusions
The evolution behavior of m s at large strain levels during a forging process was analyzed, and the simulation results of the geometrical change in the specimen, obtained by using FEM calculations, using three types of friction coefficients were compared in details, and the following observations were made:
(1) The friction coefficient was not constant during the large strain levels hot forging process, and according to the fitting results at higher strain level, an approximately exponential relationship was observed between the m s and the strain. (2) The variation in the sample shape calculated by using FEM calculations from the m s correlated well with the corresponding experimental results, as compared to those obtained by using the other friction coefficients. (3) From the simulation results, it was found that the friction coefficient did not have a strong effect on the shape of the sample; however, the radius of the top surface of the sample, R t , changed due to friction.
